Driving apparatus and method using electromechanical conversion elements 

[0001] This application is based on application No. JP2000-298429 filed in Japan, the 
contents of which is hereby incorporated by reference. 

Background of the Invention 
Field of the Invention 

[0002] The present invention relates to an improved driving apparatus and method that 
drives a driven member, such as a disk-like rotor that rotates or a slider that moves in a 
linear fashion. Specifically, it relates to an improved driving apparatus and method using 
electromechanical conversion elements, and more particularly to a truss-type improved 
driving apparatus and method using electromechanical conversion elements. 

Description of the Related Art 

[0003] Actuators are known in the conventional art that have a construction in which a 
drive unit comprising displacement members consisting piezoelectric elements, etc. is 
placed in pressure contact with a driven member using a pressure unit, wherein the bases of 
the displacement members are fixed to a fixing unit, and a synthesizing member is attached 
to the other ends thereof such that the displacement members cross each other. 
[0004] A method to drive such an actuator such that the synthesizing member draws an 
elliptical locus has been proposed (Japanese Laid -Open Patent Application Sho 58-148682). 
[0005] However, in this proposed method, because information regarding the locus of 
the synthesizing member is not detected for the adjustment of the locus, it is difficult to 
maintain the locus of the synthesizing member in such a way that the desired driving 



characteristics are obtained. 
Objects and Summary 

[0006] The present invention was created in view of this situation, and an object 
thereof is to provide an improved driving apparatus and method. Specifically, an object of 
the present invention is to provide an improved truss-type driving apparatus and method 
using electromechanical conversion elements, and more particularly, to provide a truss-type 
actuator that can detect information regarding the elliptical locus of the synthesizing 
member for the adjustment of the locus in order to ensure the desired driving characteristics, 
as well as to provide a driving method for such an actuator. 

[0007] In order to attain this and other objects, according to one aspect of the present 
invention, the driving apparatus has (i) a base, (ii) multiple displacement members, the base 
ends of which are fixed to the base and the tip ends of which are combined at one location, 
said displacement members generating a prescribed displacement, (iii) a pressure unit that 
keeps the synthesizing member, at which the tip ends of the displacement members are 
combined, in pressure contact with the driven member, which comprises the object of 
driving, (iv) a driving circuit that impresses drive signals to the displacement members, (v) 
a controller that controls the driving circuit so that the synthesizing member moves in an 
elliptical path and the drive force is transmitted to the driven member, and (vi) a first 
detector that detects the amplitudes of the displacement members and the phase difference 
therebetween, wherein based on the results of detection by the detectors, the amplitudes or 
phases of the voltages impressed to the displacement members are changed to adjust the 
elliptical locus of the synthesizing member. In addition, the controller changes the phases of 
the impressed voltages to adjust the flatness of the elliptical locus. Furthermore, the 
controller changes the amplitudes and phases of the impressed voltages to adjust the 



direction of the elliptical locus. Moreover, the controller changes the amplitudes and phases 
of the impressed voltages to adjust the drive force transmitted to the driven member. 
[0008] In this driving apparatus, the desired driving characteristics are obtained 
through detection of the amplitude and phase of each displacement member pertaining to 
the elliptical locus of the synthesizing member and adjustment of this locus based on the 
results of detection. 

[0009] According to another aspect of the present invention, the driving apparatus 
further has a memory means that stores the target amplitudes and target phase differences 
that correspond to the target elliptical locus of the synthesizing member, and the controller 
changes at least either the amplitudes or phases of the impressed voltages so that the 
difference between the amplitudes detected by the first detector and the target amplitudes 
stored in the memory means and the difference between the phase difference detected by 
the first detector and the target phase difference stored in the memory means are eliminated. 
The memory means stores multiple target amplitudes and phase differences that correspond 
to the target elliptical locus of the synthesizing member in such a manner that they are 
associated with a timing at which the parameters of the elliptical movement should be 
changed, and the elliptical movement when the driven member begins to move is different 
from such movement at other times. Specifically, the elliptical movement is changed such 
that the driving characteristics include low speed and high torque when the driven member 
begins to move, while including high speed and low torque otherwise. Furthermore, 
according to another aspect, the controller drives only one of the multiple displacement 
members. 

[0010] According to this aspect, because the controller changes either the amplitudes 
or phases of the impressed voltage such that the difference between the amplitudes detected 
by the first detector and the target amplitudes stored in the memory means and the 



difference between the phase difference detected by the first detector and the target phase 
difference stored in the memory means are eliminated, the elliptical locus of the 
synthesizing member is automatically adjusted and the desired driving characteristics are 
obtained. Furthermore, according to this aspect, if the target amplitudes and phase 
differences for the target elliptical locus, for the beginning of which low speed and high 
torque is used, whereas high speed and low torque is used otherwise, are stored in the 
memory means in such a way that they are associated with the timing at which the elliptical 
movement of the synthesizing member should be changed, smooth driving from the start of 
the elliptical movement through regular driving can be enabled. 

[0011] According to another aspect of the present invention, the driving apparatus 
further has a second phase difference detecting means that detects the phase difference 
between the voltage impressed to each displacement member and the electric current drawn 
thereto, and the controller changes the drive frequency of each displacement member based 
on the phase difference detected by the second phase difference detecting means. After 
adjusting the driving frequencies to become the resonance frequencies based on the phase 
difference detected by the second phase difference detecting means, the controller changes 
either the amplitudes or phase of the impressed voltage such that the difference between the 
amplitudes and phase difference detected by the first detector and the target amplitudes and 
phase difference stored in the memory means, respectively, are eliminated. The multiple 
displacement members comprise multi-layer piezoelectric elements, and the first detecting 
means detects the amplitude and phase of the voltage impressed to each displacement 
member based on the electric current that is drawn to the multi-layer piezoelectric element. 
[0012] According to this aspect, it is possible to reduce the phase difference between 
the voltage impressed to each displacement member and the current drawn thereto to zero 
or near zero by having the controller change the oscillation frequency of the oscillator 



based on the phase difference detected by the second phase difference detecting means, and 
consequently, each displacement member may be driven using an efficient resonance 
frequency. In addition, because the amplitudes and phase difference may be detected by the 
multi-layer piezoelectric elements themselves, which are incorporated in the driving 
apparatus as an actuator, the need for separate distortion sensors, etc. may be eliminated. 

Brief Description of the Drawings 

[0013] These and other objects and features of the present invention will become 
apparent from the following description of preferred embodiments thereof taken in 
conjunction with the accompanying drawings, in which: 

[0014] Fig. 1 is a front elevation showing in a summary fashion the construction of a 
truss-type actuator that is driven using the driving method of the present invention; 
[0015] Part (a) of Fig. 2 is a front elevation showing the construction of a multi-layer 
piezoelectric element used as a displacement member incorporated in the truss-type 
actuator that is driven using the driving method of the present invention, and part (b) of Fig. 
2 is a drawing showing the locus of the synthesizing member in which the distortion ratio 
and the electric field intensity have an essentially linear relationship; 
[0016] Fig. 3 comprises drawings showing the loci of the synthesizing member that 
may be obtained when the phases of the two drive signals that drive the two displacement 
members comprising the truss-type actuator that is driven using the driving method of the 
present invention are changed, wherein part (a) shows the locus when the phase difference 
between the drive signals is 60°, part (b) shows the locus when the phase difference is 90°, 
and part (c) shows the locus when the phase difference is 12GP; 

[0017] Fig. 4 is a summary drawing to explain the size, flatness and gradient of the 
elliptical locus, which comprise the factors that may be used to adjust the locus of the 



synthesizing member; 

[0018] Fig. 5 comprises drawings showing the loci that may be obtained when the 
amplitudes of the two drive signals that drive the two displacement members comprising 
the truss-type actuator in which the driving method of the present invention is applied are 
changed, wherein part (a) shows the locus when the phase difference is 60° and the 
amplitude of the drive signal of one displacement member is smaller than that of the drive 
signal of the other displacement member, part (b) shows the locus when the phase 
difference is 60° and the amplitude of the drive signal of one displacement member is 
£3 larger than that of the drive signal of the other displacement member, (c) shows the locus 

$ when the phase difference is 120° and the amplitude of the drive signal of one displacement 

^ member is smaller than that of the drive signal of the other displacement member, and (d) 
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t shows the locus when the phase difference is 120° and the amplitude of the drive signal of 

one displacement member is larger than that of the drive signal of the other displacement 

P 

^ member; 

^ [0019] Fig. 6 corresponds to Fig. 5(a), and is a drawing to explain the driving when the 

Q phase difference is 60° and the amplitude of the drive signal of one displacement member is 

smaller than that of the drive signal of the other displacement member; 

[0020] Fig. 7 is a drawing to explain the driving control performed using the driving 

method of the present invention; 

[0021] Fig. 8 comprises drawings showing the drive loci and characteristics of the 
actuator used in the driving method of the present invention, wherein parts (a) and (b) show 
the results when the locus of the synthesizing member is changed such that the elliptical 
locus distances along the tangent line and the normal line of the rotor are essentially equal, 
and parts (c) and (d) show the corresponding characteristics; 

[0022] Fig. 9 is a block diagram of a driving apparatus that implements the driving 
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method of the present invention; 

[0023] Fig. 10 is a block diagram showing the construction of the phase difference 
detector included in the driving apparatus shown in Fig. 9; 

[0024] Fig. 11 comprises drawings showing the frequency characteristics when the 
actuator is subject to resonance driving using the present invention; 
[0025] Fig. 12 is a block diagram of another driving apparatus that implements the 
driving method of the present invention; 

[0026] Fig. 13 is a block diagram showing the construction of the resonance frequency 
detector included in the driving apparatus shown in Fig. 12; 

[0027] Fig. 14 is a block diagram showing another driving apparatus that implements 
the driving method of the present invention; and 

[0028] Fig. 15 is a front elevation showing in a summary fashion the construction of 
another truss-type actuator driven using the driving method of the present invention. 
[0029] In the following description, like parts are designated by like reference numbers 
throughout the several drawings. 

■ 

Detailed Description of the Preferred Embodiments 

[0030] The embodiments of the present invention will be specifically explained below. 
(First embodiment) 

[0031] Fig. 1 shows the construction of a truss-type actuator that is driven using the 
driving method pertaining to the first embodiment. 

[0032] This actuator comprises a driving unit 1 that drives the driven member 10, and a 
pressure unit 6 that keeps the driving unit 1 in pressure contact with the roller 10. The 
driving unit 1 comprises two displacement members 2 and 3, which are located such that 
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they are angled by 90° from each other, for example, a synthesizing member 5 that is made 
to adhere at the crossing point of the displacement members 2 and 3, and a fixing member 4 
that is made to adhere to the base ends of the displacement members 2 and 3. 
[0033] The displacement members 2 and 3 comprise multi-layer piezoelectric elements 
that convert an electric signal into displacement via the piezoelectric effect. The 
synthesizing member 5 is formed of a fatigue-resistant metal material such as tungsten, 
using which a high factional coefficient is obtained. The fixing member 4 is formed of a 
metal material such as stainless steel, which is easy to fabricate and has good strength. An 
epoxy resin adhesive agent, which is superior in terms of adhesive power and strength, is 
ul used for causing these members to adhere together. The pressure unit 6 comprises a coil 

spring or similar mechanism, and presses the fixing member 4 toward the center of the 
4* disk-like rotor 10 (i.e., in the direction of the arrow A), which comprises the driven member. 

The rotor 10 is made of a metal such as iron or aluminum, and the side surface thereof is 
m subjected to surface treatment such as Tufftride or alumite treatment in order to prevent 

wear due to contact with the synthesizing member 5. 

[0034] Fig. 2 (a) shows the construction of the multi-layer piezoelectric element used 
as the displacement member 2 or 3. 

[0035] This piezoelectric element 2 (or 3) comprises stacked piezoelectric layers 7, 
each of which comprises a thin plate formed from a material having a piezoelectric effect, 
such as PZT, for example, as well as metal electrodes 8, each of which is placed between 
two piezoelectric layers 7 and serves to provide an electric field, and each contact area is 
caused to adhere to another area using an adhesive agent. The piezoelectric layers 7 at both 
ends function as protective layers. 

[0036] The electrodes 8 are connected to the signal lines 9a and 9b in an alternating 
fashion along the length of the element, and these signal lines 9a and 9b are connected to an 
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external drive source 9. When a prescribed voltage is applied to the signal lines 9a an d9b, 
alternating electric fields are generated in the piezoelectric layers 7 along the length of the 
element. Each piezoelectric layer 7 is stacked such that the polarity of the electric field 
alternates between layers. 

[0037] When a DC drive voltage is impressed to this piezoelectric element 2 (or 3) 
from an external source, for example, the piezoelectric layers 7 extend or contract together. 
The size of the electric field caused by an external source and the size of displacement have 
an essentially linear relationship, as shown in Fig. 2(b) in the range in which the electric 
field is small and the history of displacement may be ignored. On the other hand, if an AC 
voltage is impressed to the piezoelectric element 2 (or 3) from an external source, for 
example, the piezoelectric layers 7 repeat extension and contraction in accordance with the 
electric fields. 

[0038] The piezoelectric elements 2 and 3 each have a unique resonance frequency that 
is determined by the construction or electric characteristics thereof, and when the frequency 
of the drive signal matches the resonance frequency, a resonance phenomenon occurs, in 
which the impedance declines and the displacement increases. Because the displacement of 
the piezoelectric element 2 or 3 is small in relation to the external dimensions thereof; it is 
preferred that this resonance phenomenon be used in order to drive them using a low 
voltage. 

[0039] When the amplitudes and phases of the drive signals to drive the two 
displacement members 2 and 3 are changed in this actuator, a locus regarding the 
movement of the synthesizing member 5 is obtained in accordance with the Lissajous 
expression. 



(Adjustment of flatness of locus) 



[0040] Fig. 3 comprises drawings showing the loci of the synthesizing member 5 that 
may be obtained when the phases of the two drive signals that drive the two displacement 
members 2 and 3 are changed. Part (a) shows the locus when the phase difference between 
the drive signals is 60 °, part (b) shows the locus when the phase difference is 9ff\ and part 
(c) shows the locus when the phase difference is 120°. 

[0041] As can be understood from Fig. 3, in this actuator, when the phase difference 
between the drive signals is made 90°, the locus of the synthesizing member 5 becomes a 
circle. In contrast, when the phase difference is made smaller than 90°, the locus of the 
synthesizing member 5 becomes an ellipsoid the longer diameter of which extends along 
the normal line A of the driven member, and when the phase difference is made larger than 
90°, the locus of the synthesizing member 5 becomes an ellipsoid the longer diameter of 
which extends along the tangent line B of the driven member. In addition, as the phase 
difference deviates from 90° in either direction, the elliptical locus becomes flatter 
accordingly. 

[0042] Therefore, by adjusting the phase difference, the flatness (a/b) of the locus of 
the synthesizing member 5 may be changed (see Fig. 4). 

(Adjustment of elliptical locus in longer (or shorter) diameter direction) 
[0043] Fig. 5 comprises drawings showing the loci that are obtained when the 
amplitudes of the drive signals are also changed in addition to the phase difference. Part (a) 
shows the locus when the phase difference is 60° and the amplitude of the drive signal of 
the displacement member 2 is smaller than that of the drive signal of the displacement 
member 3, part (b) shows the locus when the phase difference is 60° and the amplitude of 
the drive signal of the displacement member 2 is larger than that of the drive signal of the 
displacement member 3, part (c) shows the locus when the phase difference is 12CF and the 
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amplitude of the drive signal of the displacement member 2 is smaller than that of the drive 
signal of the displacement member 3, and part (d) shows the locus when the phase 
difference is 120° and the amplitude of the drive signal of the displacement member 2 is 
larger than that of the drive signal of the displacement member 3. 
[0044] As can be understood from Fig. 5, where the phase difference is 60P, if the 
amplitude of the drive signal for the displacement member 2 is made smaller than that of 
the drive signal for the displacement member 3, the longer diameter of the elliptical locus 
of the synthesizing member 5 shifts toward the displacement member 2 from the position 
that runs along the normal line A of the driven member, and if the amplitude of the drive 
signal for the displacement member 3 is made smaller than that of the drive signal for the 
displacement member 2, the longer diameter of the elliptical locus of the synthesizing 
member 5 shifts toward the displacement member 3 from the position that runs along the 
normal line A of the driven member. 

[0045] Where the phase difference is 120°, if the amplitude of the drive signal for the 
displacement member 2 is made smaller than that of the drive signal for the displacement 
member 3, the shorter diameter of the elliptical locus of the synthesizing member 5 shifts 
toward the displacement member 3 from the position that runs along the normal line A of 
the driven member, and if the amplitude of the drive signal for the displacement member 3 
is made smaller than that of the drive signal for the displacement member 2, the shorter 
diameter of the elliptical locus of the synthesizing member 5 shifts toward the displacement 
member 2 from the position that runs along the normal line A of the driven member. 
[0046] Therefore, by changing the amplitudes in addition to the phase difference, the 
direction in which the longer (or shorter) (c in Fig. 4) diameter of the elliptical locus of the 
synthesizing member 5 extends may be changed. 



(Size of elliptical locus) 

[0047] The size of the elliptical locus (a + b in Fig. 4) naturally may be changed by 
adjusting the voltages* 

[0048] As described above, in the present invention, the size (a + b) of the oval may be 
adjusted by changing the amplitudes, the flatness (a/b) of the oval may be adjusted by 
changing the phase difference, and the gradient (c) of the oval may be adjusted by changing 
the amplitudes and the phase difference, as shown in Fig. 4. 

Q (Drive force control) 

\ll [0049] The drive force control used in the present invention will now be explained. 

4 r n 

,p:; [0050] Fig. 6 corresponds to Fig. 5(a), and is a drawing to explain the driving when the 

Sir 

4;; phase difference is 60° and the amplitude of the drive signal for the displacement member 2 

th 

B is made smaller than that of the drive signal for the displacement member 3. 

n 

7^ [0051] In the case of this driving, as described above, the longer diameter of the 

? JI elliptical locus of the synthesizing member 5 becomes angled by an angle 0 relative to the 

Uii normal line A of the driven member. When the actuator is driven in this way, because the 

has 

synthesizing member 5 is in pressure contact with the driven member due to the pressing 
force from the pressure unit, the driven member is deformed by a. The force Fr exerted by 
the synthesizing member 5 on the driven member in this situation is expressed by the 
following equation (1). 
[0052] Fr = kr x a — (1) 

[0053] where kr is a spring constant sought from the elastic modulus of the driven 
member. 

[0054] Here, the force Ft that runs along the outer surface of the driven member and 
drives the driven member is expressed by the following equation (2). 
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[0055] Ft = Fr x sin 6 — (2) 

[0056] Therefore, the driving force Ft is a function of 6, and as described above, by 
changing the angle 9 through the change of the phase difference between the displacement 
members 2 and 3 and the amplitudes of the drive signals applied thereto, the driving force 
of the actuator may be controlled. 
[0057] Specific explanations are provided below. 

[0058] Fig. 7 shows the results of experimentation regarding the driving characteristics 
in which the displacement members 2 and 3 are driven using the same amplitude of 
oscillation but the phase difference therebetween was changed. Namely, the phase 
difference was 60° or 120°. The horizontal axis represents the driving force (F) of the 
actuator and the vertical axis represents the rotor speed. The drive frequency was 25kHz 
and the displacement members 2 and 3 were driven based on non-resonance driving. The 
driving voltage for each displacement member 2 and 3 was 50Vp-p, and the pressing force 
from the pressure unit 6 was 300gf . The locus was elongated along the normal line A when 
the phase difference was 60°, as shown in Fig. 3(a), and it was elongated along the tangent 
line B when the phase difference was 120°, as shown in Fig. 3(c). 
[0059] As can be understood from Fig. 7 and the loci, the driving force/speed 
characteristic is 'low speed, high torque' when the phase difference is 60° and 'high speed, 
low torque* when the phase difference is 12Qf\ Therefore, based on these results, the present 
invention uses a method in which driving is initially performed using a 60° phase 
difference, but once speed is established, switches to driving using a 120° phase difference. 
[0060] However, it is preferred that the following be avoided when carrying out the 
above drive control. 

[0061] Fig. 8 shows the results of experimentation regarding the relationship between 
the locus and the driving characteristics when the amplitudes of the displacement members 



2 and 3 were changed in various ways while the oscillation phase difference between them 
was maintained at 90°. 

[0062] Parts (a) and (b) of Fig. 8 show the elliptical loci of the synthesizing member. 
The configuration (or size) of the elliptical locus changes depending on the load. Here, 
experimentation was carried out such that the size of the elliptical locus, namely, the 
diameters thereof along the tangent line (i.e., the vertical axis) and the normal line (i.e., the 
horizontal axis) of the rotor were essentially the same with each load. The unit of 
measurement for the numbers in the drawings is fxm. 
O [0063] Fig. 8(c) is a characteristic chart obtained when the locus was changed in this 

& wa y- The horizontal axis represents the driving force (F) of the actuator and the vertical axis 
represents the speed of the rotor. The pressing force from the pressure unit 6 was exerted in 
the direction toward the right along the horizontal axis in parts (a) and (b) of Fig. 8. Fig. 
8(d) is also a characteristic chart when the locus was changed in this way. The horizontal 
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Jjjj axis represents the driving force (F) of the actuator and the vertical axis ^presents the 

£ j j efficiency, a in parts (c) and (d) of Fig. 8 indicates the time at which the loci shown in Fig. 
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8(a) were present, and 6 indicates the time at which the loci shown in Fig. 8(b) were present. 
A, B, C, D and E in parts (a) through (d) of Fig. 8 indicate that different driving parameters 
were used. 

[0064] As can be understood from Fig. 8, both output and efficiency can improve when 
driving is performed such that the shorter diameter of the elliptical locus is angled relative 
to the normal line of the rotor, as in the driving conditions B and C in the drawings, as 
compared with the case in which driving is performed such that the longer diameter 
matches the tangent line of the rotor, as in the driving condition A. However, as shown by 
the driving condition E in the drawings, when the shorter diameter of the elliptical locus is 
too small, the synthesizing member oscillates in a linear manner rather than in an elliptical 
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motion, resulting in a driving method in which the synthesizing member only bumps into 
the driven member. In such a situation, the output and efficiency characteristics drop. 
[0065] Therefore, it is preferred in the present invention that at least either the phase 
difference or the amplitudes be adjusted during driving, such that the locus comprises an 
elliptical locus, the shorter diameter of which is angled to the normal line of the rotor, while 
it is ensured that the shorter diameter of the elliptical locus is not too small. 
[0066] Fig. 9 shows a block diagram of a driving apparatus that implements the driving 
method of the first embodiment. 

[0067] This driving apparatus has an AGC (Auto Gain Controller) 12 that directly 
inputs the drive signal from the oscillator 10, which can change its oscillation frequency, 
amplifies the drive signal and outputs the amplified signal to the displacement member 2, a 
power amplifier 14, an AGC 13 that amplifies the drive signal from the oscillator 10 after it 
passes through the phase converter 11, and outputs the resulting signal to the displacement 
member 3, a power amplifier 15, a current detector 16 that detects the electric current 
drawn to the displacement member 2, a current detector 17 that detects the electric current 
drawn to the displacement member 3, a phase difference detector 18 that inputs the 
detection signals from the current detectors 16 and 17 and detects the phase difference, an 
amplitude detector 19 that inputs the detection signal from the current detector 16 and 
detects the amplitude, an amplitude detector 20 that inputs the detection signal from the 
current detector 17 and detects the amplitude, and an MPU (Microprocessing Unit) 21 that 
inputs the detection signals from the current detector 16 and the amplitude detectors 19 and 
20 and controls the phase converter 11 and the AGCs 12 and 13. The MPU 21 also 
performs control to change the oscillation frequency of the oscillator 10. 
[0068] The phase difference detector 18 comprises, as shown in Fig. 10, a first 
comparator 18a that inputs the detected current value fiom the current detector 16, a second 



comparator 18b that inputs the detected current value from the current detector 17, an Ex- 
OR circuit 18c that inputs the signals from the comparators 18a and 18b, and an LPF (Low 
Pass Filter) 18d. 

[0069] In this driving apparatus, the current detectors 16 and 17 detect the currents 
drawn to the displacement members 2 and 3, respectively, based on the voltage drop in the 
resistor R that is serially inserted in each displacement member The phase difference 
detector 18 forms the detection signals from the current detectors 16 and 17 into square 
waves via the comparators 18a and 18b, respectively, outputs via the Ex-OR circuit 18c the 
square waves having a duty ratio corresponding to the phase difference, and detects the 
phase difference through smoothing performed by the LPF 18d. 

[0070] The amplitude detectors 19 and 20 detect the amplitudes based on the detection 
signals from the current detectors 16 and 17. 

[0071] The MPU 21 includes a memory in which are stored in advance the target phase 
differences and target amplitudes from which the target locus for the actuator may be 
obtained. The MPU 21 reads the target phase difference and target amplitudes from the 
memory, compares the phase difference detected by the phase difference detector 18 with 
the target phase difference, and if there is a difference between the two, adjusts the 
conversion amount using the phase converter 11 so that the difference will be eliminated. It 
also compares the amplitudes detected by the amplitude detectors 19 and 20 and the target 
amplitudes, respectively, and if there is a difference, it adjust the oscillation amplitude or 
amplitudes of one or both of the AGCs 12 and 13 so that the difference will be eliminated. 
The MPU 21 includes a digital/analog converter. 

[0072] Using this driving apparatus, the driving locus of the actuator, i.e., the locus of 
the motion of the synthesizing member 5, may be matched to the target locus, such that the 
desired driving characteristics may be obtained. In addition, if the target amplitudes and 



target phase difference by which low speed and high torque are obtained for the beginning 
of driving and the target amplitudes and target phase difference by which high speed and 
low torque are obtained for regular driving after the speed is established are stored in the 
memory in such a manner that they are associated with the timing at which switching 
should be carried out, smooth driving through regular driving may be obtained from the 
beginning. 

[0073] For the oscillator 10, a voltage controlled oscillator (VCO), a direct digital 
synthesizer (DDS) or a numerically controlled oscillator (NCO) may be used, for example. 
For the amplitude detectors 19 and 20, peak detectors, P-P detectors or effective value 
detectors may be used. 

(Second embodiment) 

[0074] The situation in which the two displacement members 2 and 3 are driven using 
a non-resonance mode was explained in connection with the first embodiment. Comparing 
driving using a non-resonance mode and driving using a resonance mode, the latter 
resonance mode driving offers the advantages of being more efficient and permitting 
driving using a low voltage. Therefore, a situation in which driving is performed using a 
resonance mode will be explained in connection with the second embodiment. 
[0075] In order to perform driving using a resonance mode, it must be detected 
whether or not the drive frequency is a resonance frequency. This detection may be carried 
out through a comparison of the phase of the driving voltage for each displacement member 
to be driven and the electric current drawn thereto. 

[0076] Fig. 11(a) is a drawing showing the relationship between the frequency (Hz) 
and the impedance (Q), and Fig. 11(b) is a drawing showing the relationship between the 
frequency (Hz) and the phase difference (°) between the voltage and the current. 



[0077] At the frequencies at the resonance point and the antiresonance point, the phase 
difference between the drive voltage and the current for the displacement member becomes 
0°. In contrast, at frequencies lower than the resonance point, the phase of the current 
waveform is more advanced than the voltage waveform, while at frequencies between the 
resonance point and the antiresonance point, the phase of the current waveform lags behind 
the voltage waveform. 

[0078] Fig. 12 shows a block diagram of a driving apparatus that implements the 
driving method of the second embodiment. In this Fig. 12, identical members have the 
same numbers shown in Fig. 9 pertaining to the first embodiment. 

[0079] Only the differences from the circuit construction for the first embodiment will 
be explained. A bifurcation line 30a extends from between the AGC 12 and the power 
amplifier 14, and a bifurcation line 30b extends from between the AGC 13 and the power 
amplifier 15. Open/close switches 31a and 31b are located on the bifurcation lines 30a and 
30b, respectively. The bifurcation lines 30a and 30b are combined towards the ends thereof 
and are connected to a resonance frequency detector 33. A bifurcation line 34a extends 
from between the current detector 16 and the phase difference detector 18, and a bifurcation 
line 34b extends from between the current detector 17 and the phase difference detector 18. 
Open/close switches 32a and 32b are located on the bifurcation lines 34a and 34b, 
respectively. The bifurcation lines 34a and 34b are combined into one line toward the ends 
thereof and are connected to the resonance frequency detector 33. The output from the 
resonance frequency detector 33 is supplied to the MPU 21. The open/close switches 31a 
and 32a are 'closed' when the phase difference between the driving voltage and the current 
of the displacement member 2 is being detected, and are 'open' otherwise. The open/close 
switches 31b and 32b are 'closed' when the phase difference between the driving voltage 
and the current of the displacement member 3 is being detected, and are 'open' otherwise. 
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[0080] The resonance frequency detector 33 comprises, as shown in Fig. 13, for 
example, a third comparator 33a that inputs the output voltage from the AGC 12 or 13, a 
fourth comparator 33b that inputs the current value detected by the current detector 16 or 
17, and a D flip-flop circuit 33c that has a D terminal that inputs the output signal from the 
third comparator 33a, a CLK terminal that inputs the output signal from the fourth 
comparator 33b and a Q terminal for output. 

[0081] In this driving apparatus, when the resonance frequency of the displacement 
member 2 is being detected, the oscillator 10 is made to oscillate, the open/close switches 
31a and 32a are 'closed', and the output voltage waveform of the AGC 12 and detected 
voltage waveform of the current detector 16 are made square waveforms via the 
comparators 33 a and 33b of the resonance frequency detector 33. The D flip-flop circuit 
33c inputs these signals from the prescribed terminal, and outputs from the Q terminal a 
low-level signal (0) for frequencies lower than the resonance frequency, and a high-level 
signal (1) for frequencies between the resonance point and the antiresonance point. When 
the resonance frequency of the displacement member 3 is being detected, the oscillator 10 
is made to oscillate, the open/close switches 31b and 32b are 'closed', and the output 
voltage waveform of the AGC 13 and detected voltage waveform of the current detector 17 
are made square waveforms via the comparators 33a and 33b of the resonance frequency 
detector 33. The D flip-flop circuit 33c inputs these signals from the prescribed terminal, 
and outputs from the Q terminal a low-level signal (0) for frequencies lower than the 
resonance frequency, and a high-level signal (1) for frequencies between the resonance 
point and the antiresonance point. 

[0082] A first frequency that increases the oscillation frequency of the oscillator 10 by 
a certain value when a low-level signal (0) is input and a second frequency that reduces the 
oscillation frequency of the oscillator 10 by a certain value when a high-level signal (1) is 



input are stored in the memory of the MPU 21, which receives the signal, for example. As 
in the first embodiment, the target phase differences and target amplitudes by which the 
target locus for the actuator is obtained are also stored in the memory. 
[0083] The MPU 21 reads the information stored in the memory, adjusts the oscillation 
frequency of the oscillator 10 such that it increases by the first frequency when a low-level 
signal (0) is input, and such that it decreases by the second frequency when a high-level 
signal (1) is input. Through this adjustment, the oscillation frequency of the oscillator 10 is 
adjusted such that it approaches the resonance frequency. When this is performed, if a large 
value is set for the first frequency and the second frequency, the drive frequency fluctuates 
substantially between the high frequency side and the low frequency side across the 
resonance frequency, making it difficult for it to converge on the resonance frequency. 
Therefore, it is preferred that an appropriate small value be set, such that the drive 
frequency gradually approaches the resonance frequency. It is also preferred that the MPU 
21 be set such that it stops the frequency adjustment once the frequency falls within a 
certain frequency range close to the resonance frequency, or such that if the frequency was 
increased by the first frequency (or reduced by the second frequency) in the previous 
adjustment, and was reduced by the second frequency (or increased by the first frequency) 
in the current adjustment, the frequency adjustment is stopped after the current adjustment. 
[0084] Consequently, the two displacement members 2 and 3 are efficiently driven 
using a resonance mode. In addition, after this frequency adjustment, the MPU 21 adjusts 
the phase difference via the phase converter 11 when there is a difference between the 
detected phase difference detected by the phase difference detector 18 and the target phase 
difference, and performs level adjustment of the AGC 12 or 13 when there is a difference 
between the amplitude detected by the amplitude detector 19 or 20 and the target amplitude, 
so that the driving locus of the actuator, i.e., the locus of the motion of the synthesizing 
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member 5, may be matched to the target locus and the desired driving characteristics 
obtained, as in the first embodiment. In addition, if the target amplitudes and target phase 
difference by which low speed and high torque are obtained for the beginning of driving 
and the target amplitudes and target phase difference by which high speed and low torque 
are obtained for regular driving after the speed is established, are stored in the memory in 
such a manner that they are associated with the timing at which switching should be carried 
out, smooth driving through regular driving may be obtained from the beginning. The 
open/close switches 31a and 32a or 31b and 32b may be changed from 'closed* to 'open' any 
□ time after the completion of the frequency adjustment. 

CP 

J* (Third embodiment) 

?» [0085] In the first and second embodiments described above, both of the two 

jh 

~ n displacement members are driven at the same time, but the present invention is not limited 

P 

!r to this implementation, and may be applied in a situation in which only one displacement 

[y member is driven. A specific example in which only one displacement member is driven 

E»* will be explained in connection with a third embodiment. 

jssb 

[0086] Fig. 14 is a block diagram showing a driving apparatus pertaining to the third 
embodiment. 

[0087] This driving apparatus has an AGC 12 that directly inputs the drive signal from 
the oscillator 10 and amplifies it, as well as a power amplifier 14. Subsequent to the power 
amplifier 14 are located alternating switches 41 and 42 to supply the drive signal to either 
of the displacement members 2 and 3. The alternating switch 41 may be connected to the 
terminal 41a or the terminal 41b, and the alternating switch 42 may be connected to the 
terminal 42a or the terminal 42b. The output from the power amplifier 14 is supplied to the 
terminals 41a and 42a, and the terminals 41b and 42b are grounded. 
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[0088] The switching of these alternating switches 41 and 42 is synchronously 

i 

controlled by the MPU 21. When the alternating switch 41 is connected to the terminal 41a, 
the alternating switch 42 is connected to the terminal 42b in a synchronous fashion such 
that only the displacement member 2 will be driven. If the alternating switch 41 is 
connected to the terminal 41b, the alternating switch 42 is connected to the terminal 42a in 
a synchronous fashion such that only the displacement member 3 will be driven. 
[0089] Using this driving apparatus, the connections of the alternating switches 41 and 
42 are changed such that only one displacement member, i.e., the displacement member 2 
only, for example, will be driven. The current regarding the displacement member 2 is then 
detected by the current detector 16, and the current regarding the displacement member 3, 
which is caused by the oscillation thereof based on the driving of the displacement member 
2, is detected by the current detector 17. Based on the values detected by the current 
detectors 16 and 17, the phase difference detector 18 detects the phase difference 



*Y therebetween, and the amplitude detectors 19 and 20 detect the amplitudes based on the 

i ll values detected by the current detectors 16 and 17. The MPU 21 adjusts the oscillation 



U frequency of the oscillator 10 when there is a difference between the detected phase 

difference and the target phase difference, and adjusts the level of the AGC 12 when there 
is a difference between the detected amplitudes and the target amplitudes. 
[0090] Therefore, using this third embodiment, the driving locus of the actuator, i.e., 
the locus of the motion of the synthesizing member 5, may be matched to the target locus, 
and the desired driving characteristics may be obtained. In addition, if the target amplitudes 
and target phase difference by which low speed and high torque are obtained for the 
beginning of driving and the target amplitudes and target phase difference by which high 
speed and low torque are obtained for regular driving after the speed is established are 
stored in the memory in such a manner that they are associated with the timing at which 



22 



switching should be carried out, smooth driving through regular driving may be obtained 
from the beginning. However, using the third embodiment, because only one of the 
displacement members 2 and 3, i.e., only the displacement members 2, is driven in the 
above explanation, there is some limitation in the control of the locus in comparison with 
the first and second embodiments described above. 

(Modification) 

[0091] In the first through third embodiments, the multi-layer piezoelectric elements 
that comprise the displacement members may be driven using drive signals having 
rectangular waves. In this case, however, because pulses may occur in the current of each 
driven multi-layer piezoelectric element and phase detection may not be accurately 
performed, it is preferred that distortion gauges be attached to the displacement members 
using an adhesive agent such that the displacement is measured by the distortion gauge. 
[0092] In addition, in the first through third embodiments, multi-layer piezoelectric 
elements are used for the displacement members, but the present invention is not limited to 
this implementation. The displacement members may comprise piezoelectric elements and 
elastic members as well. 

[0093] Fig. 15 is a front elevation showing in a summary fashion a truss-type actuator 
including displacement members that comprise multi-layer piezoelectric elements and 
elastic members. The displacement members 2 and 3 each comprise a singl&layer 
piezoelectric element 2a and 3a, respectively, as well as metal elastic members 2b and 3b, 
that are serially connected to the piezoelectric elements. 

[0094] Using an actuator having this construction, the same effect may be obtained that 
is obtained with an actuator using multi-layer piezoelectric elements for the displacement 
members, and the following advantages are also obtained. In general, a piezoelectric 



element is made of a ceramic material, and in comparison with metal, the attenuation of 
oscillation for such a material is large and the displacement magnification during resonance 
is small. In addition, ceramics are resistant to compressive force but not to tensile force, 
and in particular, because there are a number of adherent surfaces in a multi-layer 
piezoelectric element, the problem exists that the layers may become peeled off. Using the 
third embodiment, however, this problem may be resolved. 

[0095] Furthermore, in the first through third embodiments, a situation involving two 
displacement members, i.e., the displacement members 2 and 3, was shown. However, the 
number of displacement members is not limited to two in the present invention, which may 
be applied when there are three or more displacement members. 
[0096] In the first through third embodiments, the target amplitudes and the target 
phase differences are stored in the memory and associated with a switch timing that divides 
the driving into a beginning phase and a regular driving phase, but the present invention is 
not limited to this implementation. More switch timings, which further create multiple 
phases between the beginning phase and the regular driving phase, or which divide the 
regular driving phase into multiple different phases, may be established, for example. 
[0097] Moreover, explanations were provided in connection with the above 
embodiments using as an example of the driven member a round rotor that rotates, but the 
present invention is not limited to this implementation. The present invention may be 
applied in the same manner with an oval rotor or a straight-moving slider as well. Where 
the driven member is an oval rotor, the shorter diameter or the longer diameter of the 
elliptical locus of the synthesizing member should be angled relative to the normal line of 
the rotor. Where the slider is a plate-like slider, the shorter diameter or the longer diameter 
of the elliptical locus of the synthesizing membe r should be angled relative to the thickness 
of the slider. Where the surface of the slider that is in contact with the synthesizing member 



is a flat surface, the shorter diameter or the longer diameter of the elliptical locus of the 
synthesizing member should be angled relative to a plane perpendicular to the contact 
surface, 

[0098] In the above embodiments, explanations were provided using examples in 
which piezoelectric elements were used for the displacement members, but the present 
invention is not limited to this implementation. Magnetostrictive elements or other 
electromechanical energy conversion elements may be used instead. 
[0099] As described in detail above, using the method of the present invention, the 
amplitude of each displacement member and the phase difference therebetween, which 
pertain to the elliptical locus of the synthesizing member, are detected, and the locus of the 
synthesizing member is adjusted based on the results of such detection, and consequently, 
the desired driving characteristics may be obtained. 

[0100] Furthermore, using the apparatus of the present invention, based on the 
amplitude of each displacement member and the phase difference therebetween detected by 
the detecting means, the locus adjusting means changes at least either the amplitudes, 
which are adjusted by the amplitude controller, or the phase difference, which is adjusted 
by the phase difference controller, to adjust the elliptical locus of the synthesizing member, 
enabling the desired driving characteristics to be obtained. 

[0101] Although the present invention has been fully described by way of examples 
with reference to the accompanying drawings, it is to be noted that various changes and 
modifications will be apparent to those skilled in the art. Therefore, unless such changes 
and modification depart from the scope of the present invention, they should be construed 
as being included therein. 



